ABSTRACT The reuse of treated wastewater for irrigation has become increasingly common in some areas of China due to water scarcity. Treated wastewater has high nitrogen and phosphorus content, which have negative impacts on soil and may pollute groundwater. Lysimeter studies were conducted with different groundwater depths (2m, 3m and 4m) and irrigation water (90mm and 120mm) to assess the effects of irrigation with treated wastewater on soil nitrogen dynamics and winter wheat growth. The results indicated that the nitrate nitrogen (NO3-N) concentration in both soil and groundwater increased substantially after irrigation. The increment of NO3-N concentration in groundwater depended on groundwater depth and irrigation water. When 90mm wastewater was applied, NO3-N concentrations observed in groundwater at three groundwater depths (2m, 3m and 4m) increased separately by 34.7%, 24.9% and 20.9%; while when irrigation water increased to 120mm, the values were 58.4%, 39.0% and 27.2% respectively. This reveals that groundwater depth had a significant influence on accumulation of NO3-N in groundwater, and smaller groundwater depth resulted in a higher risk of NO3-N pollution. Our study also reveals that treated wastewater encouraged winter wheat growth and improved the yield.
INTRODUCTION China is one of the countries, most short of water resources over the world. The development of industries and agriculture is severely limited by scarcity of available water. The reuse of wastewater for irrigation is spontaneously or passively considered to guarantee crop production. According to statistics in 2004, the area irrigated with wastewater was 361.8hm 2 , about 6.4% of effective irrigation areas over the whole nation. This type of water if not well managed, can have negative impacts on cultivated crops, soil and groundwater environment.
Several researches had investigated the effects of wastewater irrigation on different crops. Residual characteristics of heavy metals in summary corn and winter wheat had been investigated under field conditions (Feng et al., 2003) . Water and nitrogen use efficiency for summary corn irrigated with wastewater have been reported (Qi et al., 2003) . Other researchers studied the root density and root water uptake under wastewater irrigation (Meng et al., 2003) . Qiao et al. (2005) found that heavy metals could be neglected when secondary treated wastewater applied to agricultural irrigation, and suggested that the key point is ecological effect caused by nutrient and salinity. Others researches have investigated treated wastewater irrigation on vegetables. Treated effluent was used for eggplant irrigation through a trickle system to evaluate the accumulation of salts and heavy metals in the soil as well as concentration of the nutrients and heavy metal accumulation (G. A. Ai-Nakshabandi et al., 1997) . O. Ai-Lahham et al. (2003) investigated the effect of different treatments of potable and treated wastewater on the quality of tomato fruit in Jordan.
The change of shallow groundwater depth will affect not only nitrogen transport in soil but also the growth of winter wheat. Cavazza L. et al. (1998) found that winter wheat had the largest yield when groundwater depth was 1.25m. If groundwater depth was bigger than 1.25m, yield of winter wheat would decrease without irrigation. Yang J. et al. (2002) and Ba B. et al. (2004) found that the optimal groundwater depth for winter wheat was 1.5m.
Most researches before mainly focused on crop yield affected by groundwater depth. Hence, we performed lysimeter experiments with treated wastewater to evaluate the impact of treated wastewater use on soil and groundwater nitrogen, leaf index area (LAI), plant height, dry mass and yield of winter wheat.
MATERIALS AND METHODS

Experimental design and treatments
The study was conducted at Hongmen experimental lysimeters of Farmland Irrigation Research Institute, in the middle of China (latitude 35°15′09″N, longitude 113°55′05″E).Two factors were considered in the experiment, one was groundwater depth, and the other was irrigation amount. There were three levels for groundwater depth and two for irrigation amount. Therefore the experimental design consisted of six treatments, as shown in Table 1 .The characteristics of the wastewater are summarized in Table 2 . Four irrigations were applied during the growing season, and irrigation dates were the same as sampling dates. Total effective rainfall during growing season was 96.9mm. Fertilizers were applied at rates of 330 N, 112.5 P, 112.5 K (kg ha Measurements The plant height, population density, top dry mass and leaf area index (LAI) were determined every ten days. Weather data were collected by an auto climate station (SKYE MINIMET, UK). Soil samples were collected 1d before irrigation and 1d, 2d, 5d, 10d after irrigation from depths of 5, 10, 15, 20, 30, 40, 60, 80, 100, 120, 140, 160, 180 and 200cm and were analyzed for soil water content (θ), ammonium nitrogen (NH 4 -N) and nitrate nitrogen (NO 3 -N).Soil solution and groundwater samples were gathered by suction cups from depths of 15, 30, 50, 70, 100, 150, 200, 250, 300, 350 , 400 and 450cm and were analyzed for pH, EC, NO 3 -N and NH 4 -N, the same day as before. Soil water content was measured by a drying oven. The NO 3 -N and NH 4 -N concentrations were determined by Continuous Flow Analytical System (BRAN LUEBBE AA3, German). The pH value and EC were separately determined by an acidometer (PHS-1) and a conductivity meter (DDS-11A).
RESULTS AND DISCUSSION
Plant height Groundwater depth produces a significant effect on plant height of winter wheat. At the same irrigation water level, plant height of the treatment with smaller groundwater depth was larger ( Figure 1 ). All treatments at irrigation water level of 120mm showed significant difference (p = 0.05), and that at irrigation water level of 90mm showed extremely significant difference (p = 0.01). At the same groundwater depth level, no significant differences between treatments were observed ( Figure 2 ).
Leaf area index Leaf area index (LAI) of all treatments increased rapidly between 140d to 170d after planting, and arrived maximum at 172d, and then decreased gradually until harvest. Among treatments with same irrigation amount, LAI of the treatment with smaller groundwater depth was larger ( Figure 3 ). Smaller groundwater depth enlivened the movement of soil water, and was advantageous for winter wheat to absorb moisture and nutrient from soil. Extremely significant difference (p = 0.01) was observed among treatments with lower irrigation water (90mm per irrigation), but no significant difference for those with higher irrigation water (120mm per irrigation).
Dry mass, yield and WUE The treatments which have the maximum and minimum dry mass were separately A 1 B 1 (120mm per irrigation water, 2m groundwater depth) and A3B2 (90mm per irrigation water, 4m groundwater depth). At groundwater depth level of 2m, dry mass of treatment with lower irrigation water was larger than that of higher one. However, it was opposite of that at groundwater depth level of 3m and 4m. At the same irrigation water level, yield of all treatments showed significant difference (p = 0.05).Groundwater depth had a great effect on dry mass and yield of winter wheat. At the same groundwater depth level, WUE of treatment with lower irrigation water was bigger than that with higher irrigation water. At the irrigation water level of 120mm and 90mm, the maximum WUE of treatments were separately A2B2 (3m groundwater depth) and A1B1 (2m groundwater depth). Figure 3 . Most of NH 4 -N in irrigation water was absorbed by soil matrix 1d after irrigation applied, only a few percolated through macro pore, therefore NH 4 -N concentrations increased rapidly. And then NH 4 -N concentrations reduced as time went by, and return to that before irrigation. The reduction of NH 4 -N in the soil profile can also be explained by the nitrification process. The potential of leaching towards groundwater is negligible. In general, groundwater depth has no significant influence on NH 4 -N concentrations.
NO 3 -N in soil solution and groundwater NO 3 -N concentrations in soil solution and groundwater for six treatments increased separately by 5. 50, 53.92, 16.84, 21.61, 11.64, 17 .88 mg l -1 after irrigation (Figure 6 ). At the same groundwater depth level, the higher was the irrigation water, the larger was the increment of NO 3 -N concentrations in the soil solution and groundwater, vice versa. At the irrigation water level of 90mm, NO 3 -N concentrations in groundwater of treatment A1B1, A2B1 and A3B1 increased by 34.67%, 24.94% and 20.88%, and at the irrigation water level of 120mm, that of treatment A1B1, A2B1 and A3B1 increased by 58.42%, 38.98% and 27.21% (Table 5) . At the same irrigation water level, the larger was the groundwater depth, the smaller was the increment of NO 3 -N concentrations in groundwater, vice versa. It is showed that the variation of NO 3 -N in groundwater was opposite to that in soil solution, that is, the variation of NO 3 -N in soil solutions reflected that in groundwater. Additionally, smaller groundwater depth raised risks associated with shallow groundwater pollution caused by NO 3 -N from leaching and nitrification.
CONCLUSIONS Wastewater irrigation promoted the growth of winter wheat, and had considerable influence on LAI, total dry mass and yield. Our experiment indicated that wastewater irrigation replenished soil nutrients which promoted the development of leaves. At the same irrigation water and fertilizer level, the growth of winter wheat at groundwater depth of 2m was best. This is because smaller groundwater depth enlivened the movement of soil water, and was advantageous for winter wheat to absorb water and nutrient from soil. NO 3 -N concentrations of all soil layers increased after irrigation. At the same irrigation water level, the larger was the groundwater depth, the smaller was the increment of NO 3 -N concentrations in groundwater, vice versa. It is showed that the variation of NO 3 -N in groundwater was opposite to that in soil solution, that is, the variation of NO 3 -N in soil solutions reflected that in groundwater. At the same groundwater depth level, the higher was the irrigation water, the larger was the increment of NO 3 -N concentrations in the soil solution and groundwater. This is because NO 3 -N leaching was restricted by irrigation water, groundwater depth, soil moisture and residual NO 3 -N.Smaller groundwater depth promoted the interaction between soil water and groundwater, and the transport of nitrogen in soil-groundwater system was influenced by groundwater depth. 
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